Alzheimer's disease (AD) neuropathology is characterized by the accumulation of phosphorylated tau and amyloid-␤ peptides derived from the amyloid precursor protein (APP). Elevated blood levels of homocysteine are a significant risk factor for many age-related diseases, including AD. Impaired homocysteine metabolism favors the formation of S-adenosylhomocysteine, leading to inhibition of methyltransferase-dependent reactions. Here, we show that incubation of neuroblastoma cells with S-adenosylhomocysteine results in reduced methylation of protein phosphatase 2A (PP2A), a major brain Ser/Thr phosphatase, most likely by inhibiting PP2A methyltransferase (PPMT). PP2A methylation levels are also decreased after ectopic expression of PP2A methylesterase in Neuro-2a (N2a) cells. Reduced PP2A methylation promotes the downregulation of B␣-containing holoenzymes, thereby affecting PP2A substrate specificity. It is associated with the accumulation of both phosphorylated tau and APP isoforms and increased secretion of ␤-secretase-cleaved APP fragments and amyloid-␤ peptides. Conversely, incubation of N2a cells with S-adenosylmethionine and expression of PPMT enhance PP2A methylation. This leads to the accumulation of dephosphorylated tau and APP species and increased secretion of neuroprotective ␣-secretase-cleaved APP fragments. Remarkably, hyperhomocysteinemia induced in wild-type and cystathionine-␤-synthase ϩ/Ϫ mice by feeding a high-methionine, low-folate diet is associated with increased brain S-adenosylhomocysteine levels, PPMT downregulation, reduced PP2A methylation levels, and tau and APP phosphorylation. We reported previously that downregulation of neuronal PPMT and PP2A methylation occur in affected brain regions from AD patients. The link between homocysteine, PPMT, PP2A methylation, and key CNS proteins involved in AD pathogenesis provides new mechanistic insights into this disorder.
Introduction
Filamentous lesions containing phosphorylated tau (Brandt et al., 2005) and amyloid-␤ (A␤) plaques (Vassar, 2005) accumulate in Alzheimer's disease (AD)-affected brain regions. Alterations in tau phosphorylation affect its properties and microtubule regulatory functions (Brandt et al., 2005) . In the amyloidogenic pathway, cleavage of the amyloid precursor protein (APP) by ␤-secretase generates an N-terminal soluble fragment (sAPP␤) and a C-terminal fragment (␤-CTF) that is sequentially cleaved by ␥-secretase to produce A␤ peptides (Vassar, 2005) . In the alternate non-amyloidogenic pathway, APP is processed by ␣-secretase within the A␤ region, thereby precluding A␤ formation and favoring the release of neuroprotective sAPP␣ fragments (Kojro and Fahrenholz, 2005) . Notably, phosphorylation of APP on Thr-668 facilitates its amyloidogenic cleavage and is elevated in AD brain (Ando et al., 2001; Lee et al., 2003; Pierrot et al., 2006) . Elevated plasma levels of homocysteine (Hcy) has emerged as a significant risk factor for many age-related diseases, including AD and dementia (Seshadri et al., 2002; Morris, 2003; Irizarry et al., 2005; Ravaglia et al., 2005) . Genetic polymorphisms in key enzymes regulating Hcy metabolism and dietary deficiencies in folate and vitamin B12 lead to elevated Hcy levels (Fowler, 2005) . Hcy is a critical branch point metabolite that can influence cellular levels of S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH), which regulate the activity of methyltransferases important in posttranslational modification of proteins and synthesis of nucleic acids, phospholipids, and neurotransmitters (Fowler, 2005) .
A candidate methylation-regulated enzyme postulated to be involved in AD pathogenesis is protein phosphatase 2A (PP2A) (Vafai and Stock, 2002) , a family of heterotrimeric enzymes (Sontag, 2001) . PP2A catalytic C subunit can be methylated on the conserved Leu-309 residue by a specific methyltransferase (PPMT) (De et al., 1999) , and demethylated by a dedicated methylesterase (PME-1) (Ogris et al., 1999) . Current studies support the hypothesis that methylation does not directly affect basal PP2A catalytic activity but alters PP2A substrate specificity by inducing changes in its subunit composition (Tolstykh et al., 2000; Yu et al., 2001) . Methylation is required for efficient assembly of B␣-containing heterotrimers (Tolstykh et al., 2000; Yu et al., 2001 ), which are the major PP2A enzymes that bind to and dephosphorylate tau (Sontag et al., 1996) . Significantly, PPMT expression and PP2A methylation become downregulated in AD (Sontag et al., 2004b ), yet the cause for this deregulation and contribution of PP2A methylation/demethylation cycles in neuronal regulation are unknown. Like other methyltransferases, purified PPMT activity is dependent on SAM and inhibited by SAH (IC 50 of 3 M) (De et al., 1999) , making PPMT a susceptible target for disturbances in Hcy metabolism. We show here that elevated SAH levels result in decreased PP2A methylation. Reduced PP2A methylation is associated with B␣ subunit downregulation, accumulation of phosphorylated tau and APP species, reduced sAPP␣ secretion, and increased sAPP␤ and A␤ production. Our findings establish PPMT and PP2A methylation as critical intermediates linking metabolic risk factors with the deregulation of key CNS proteins involved in AD pathogenesis.
Materials and Methods
Cell culture and transfection. Mouse Neuro-2a (N2a) neuroblastoma cells (American Type Culture Collection, Manassas, VA) were maintained in DMEM (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (HyClone, Logan, UT). Cells were transfected using Metafectene following the instructions of the manufacturer (Biontex Laboratories, Munich, Germany) with the following plasmids: pcDNA3.1 (Invitrogen); pSG5 encoding human tau (Goedert et al., 2000) ; Rc/cytomegalovirus-small tumor antigen (small t) (Sontag et al., 1996) ; pcDNA 3.1-expressing the wild-type (Wt) C (Goedert et al., 2000) and the L309⌬ C mutant; pBabe encoding hemagglutinin (HA)-tagged mouse PPMT; and pBabe encoding Myc-tagged mouse PME-1. The pcDNA 3.1 construct encoding the L309⌬ C mutant was generated after subcloning from the corresponding pGRE5-2-L309⌬ plasmid (Yu et al., 2001) . The coding region of mouse PPMT was amplified by reverse transcription (RT)-PCR using RNA of NIH 3T3 cells as template. The amplified cDNA was then introduced into pBabe-hygromycin (Morgenstern and Land, 1990) . The open reading frame of mouse PME-1 cDNA was cloned into the BamHI/XhoI polylinker sites of the pBabe-puromycin vector (Morgenstern and Land, 1990) . All plasmids were verified by sequencing. Stable PP2A and small t-expressing clones were selected with 600 g/ml G418 (Invitrogen). N2a-PPMT clones were generated after selection with 200 g/ml hygromycin (Roche, Indianapolis, IN). N2a-PME-1 clones were generated after selection with 1 g/ml puromycin (Sigma, St. Louis, MO). The expression levels of transfected proteins were constantly monitored by both immunoblotting and immunofluorescence. At least four distinct stable clones were used throughout our studies with similar results. No differences in cell viability was observed among the selected clones, and stable cell lines could be propagated for extended periods of time under normal culture conditions. Cells stably mock transfected with empty vectors were used as "controls" and behaved like nontransfected cells in our experiments.
Cell treatment and analysis. Treatment with SAM or SAH (Sigma) was performed in exponentially growing N2a cells 24 h after plating in regular medium or transfection. Duplicate sets of dishes were treated for 16 h with the indicated concentrations of SAM or SAH, or vehicle alone. When indicated, cells were simultaneously treated with 10 nM okadaic acid (OA) (LC Laboratories, Woburn, MA). After treatment, cells were quickly washed with PBS. One set of cells was harvested in 0.4 M perchloric acid for additional SAM/SAH analyses. The other set was harvested for immunoblotting studies, by scraping on ice in buffer A [Tris 25 mM, pH 7.4, 150 mM NaCl, 2 mM EDTA, 25 M sodium fluoride, 1 mM sodium orthovanadate, 2 mM dithiothreitol, 2 M OA, 5 mM PMSF, and 1% NP-40, containing a mixture of protease inhibitors (Complete mini ; Roche)] (Sontag et al., 2004b) . The samples were briefly sonicated and centrifuged for 10 min at 14,000 ϫ g to remove insoluble material. In experiments looking at tau and APP phosphorylation, cells were serum starved for 24 h in DMEM containing 1% dialyzed fetal bovine serum (HyClone). When indicated, cells were treated for 1 h with the indicated concentrations of OA before being harvested in buffer A as described above. Protein concentrations were determined in diluted cell extracts using the Bio-Rad (Hercules, CA) protein assay kit. Equivalent amounts of proteins (ϳ60 g) were resolved by SDS-PAGE on 7.5% (for APP) or 12% (for all other proteins) polyacrylamide gels (Amersham Biosciences, Piscataway, NJ).
Mouse analyses. Mice heterozygous for disruption of the cystathionine-␤-synthase (Cbs) gene were crossbred to C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) for at least nine generations to generate heterozygous (Cbs ϩ/Ϫ ) and wild-type (Cbs ϩ/ϩ ) littermates. Genotyping was performed by PCR using a common forward primer (5Ј-GGTCTGGAATTCACTATGTAGC-3Ј) with reverse primers specific for wild-type (5-AAGAGCCCAGCAGAATGAACA-3Ј) or targeted (5Ј-GAGGTCGACGGTATCGATA-3Ј) Cbs alleles. At the time of weaning, mice were fed either a control diet (LM485; Harlan Teklad, Madison, WI) containing 6.7 mg/kg folic acid and 4.0 mg/kg L-methionine or a high-methionine, low-folate (HM/LF) diet (TD00205; Harlan Teklad) containing 0.2 mg/kg folic acid and 8.2 g/kg L-methionine. Mice anesthetized with sodium pentobarbital underwent thoracic dissection to expose the heart. Blood was removed from the ventricle into EDTA (5 mmol/L) and separated to obtain plasma, which was stored at Ϫ20°C. After cervical dislocation, the brain was removed and separated into two halves. The whole right hemisphere was deproteinized with 5 vol of perchloric acid (0.4 M), centrifuged to obtain a clear supernatant extract, and stored at Ϫ80°C for additional SAM/SAH analyses. The whole left hemisphere was homogenized on ice at a constant ratio of 1 g tissue/10 ml buffer A, snap frozen in liquid nitrogen, and stored at Ϫ80°C for additional Western blot analyses (Sontag et al., 2004b) . During thawing, homogenates were sonicated on ice and centrifuged for 2 min at 800 ϫ g to remove insoluble material. Equivalent aliquots (ϳ14 l) of the homogenates were analyzed on 4 -12% Bis-Tris gels using the Nu-PAGE system (Invitrogen). Note that all of the samples were run, immunoblotted, and exposed simultaneously to allow accurate comparison of protein expression levels across mouse groups.
Western blot analyses. After gel electrophoresis, proteins were transferred to nitrocellulose membranes. Immunoblotting was performed with the following primary antibodies: anti-HA 16B12 (1:500; Covance Research Products, Berkeley, CA), anti-Myc 4A6 (1:500), antidemethyl-C 4B7 (1:2000) and anti-methyl-C 2A10 (1:100; Upstate Biotechnology, Lake Placid, NY), anti-Simian virus 40 (SV40) small t (1:20) (Sontag et al., 1996) , anti-B55 2G9 (1:100) (Sontag et al., 2004a) , anti-C␣ (1:1000; BD Biosciences, San Jose, CA), anti-tau PHF-1 (1:2000) (from Dr. Peter Davies, Albert Einstein College of Medicine, Bronx, NY) (Sontag et al., 1996) , Tau-5 (1:500; Biosource International, Hopkinton, MA), rabbit anti-PPMT (1:2500) (Sontag et al., 2004b) , anti-phospho-APP (Thr-668) and anti-APP (1:1000; Cell Signaling Technology, Beverly, MA); anti-N-terminal APP 22C11 and rabbit-anti-APP, Kunitz protease inhibitor (KPI) domain (1:500; Chemicon, Temecula, CA), rabbit anti-A␤ antibodies (1:250; Lab Vision, Fremont, CA) and anti-sAPP␤ antibodies (1:50, from IBL-America, Minneapolis, MN; and 1:500, from Signet, Dedham, MA). The rabbit anti-phosphoepitope-specific anti-tau antibodies were obtained from Drs. Erik Schaefer and Lynda Zorn (1:1000; Biosource International). The anti-PME-1 rabbit antibody (1: 10,000) was raised against affinity-purified His-tagged full-length mouse PME-1. Blotting with anti-tubulin and/or anti-actin antibodies (1:2000; Sigma) was systematically used to verify and normalize for protein loading. Note that extended electrophoretic conditions were used to assess the relative expression of tagged proteins (HA-tagged PPMT, Myctagged PME-1, and HA-tagged C) versus corresponding endogenous proteins (PPMT, PME-1, and C). Blots were developed using the SuperSignal West Pico or Femto chemiluminescence detection system (Pierce, Rockford, IL). Although representative blots are shown, several exposures of the blots were scanned by densitometry using Kodak Image software (Eastman Kodak, Rochester, NY) to ensure that the signals obtained were within the linear range (Sontag et al., 2004b) . Protein expression was quantified on blots obtained from at least three separate experiments.
Analysis of PP2A methylation. To quantify PP2A methylation, electrophoretic conditions were selected to prevent the separation of endogenous and ectopically expressed C subunit bands. Blots were probed with anti-methyl-C or anti-demethyl-C antibodies, stripped, and reprobed with anti-C antibodies to assess total C expression. The relative methylated C expression levels were determined after densitometry scanning of the blots (Sontag et al., 2004b) . The specificity of the methyl-dependent antibodies was verified in parallel experiments by treating homogenates with NaOH, which induces complete PP2A demethylation; this resulted in a loss of the signal obtained with anti-methyl-C and enhanced immunoreactivity with anti-demethyl-C antibodies (Sontag et al., 2004b) .
Tau analyses. Total cell extracts were prepared 48 h after transient transfection with pSG5-tau and normalized for total tau levels (Goedert et al., 2000) . To study PP2A-tau binding, cell extracts were immunoprecipitated using anti-HA-coupled affinity matrix (Goedert et al., 2000) . To analyze tau phosphorylation, total cell or mouse brain extracts were boiled and centrifuged to enrich in tau (Sontag et al., 1996) . Equivalent amounts of proteins (ϳ10 g) were analyzed by gel electrophoresis and Western blotting for phosphorylated tau using phospho-dependent antitau antibodies. The blots were stripped and reprobed with Tau-5 antibody to detect total tau. The relative amounts of phosphorylated tau were determined after densitometry scanning of the blots and normalization for total tau expression levels. Note that tau isoforms migrate as several bands, the pattern of which can be affected by slight variations in electrophoretic conditions.
APP and A␤ analyses. To assess APP phosphorylation, blots were probed with anti-phospho-APP antibodies, stripped, and reprobed with rabbit anti-APP antibodies (Cell Signaling Technology) to assess total APP expression. The relative amounts of phosphorylated APP were determined after densitometry scanning of the blots and normalization for total APP expression levels. To analyze APP secretion, exponentially growing N2a cells were plated at equivalent density (ϳ3 ϫ 10 6 cells/60 mm dish) and grown for 24 h in regular medium. The medium was then replaced with 2 ml of serum-free Opti-MEM (Invitrogen). Conditioned media and cells were collected 1, 4, or 24 h later. Cell media were centrifuged for 5 min at 800 ϫ g to remove debris and concentrated ϳ20 times using Microcon YM-30 filter units (Millipore, Billerica, MA). The conditioned cell media were normalized to the protein concentration measured in total cell lysates prepared in buffer A. Secreted proteins were analyzed by SDS-PAGE and immunoblotting with anti-A␤ and antisAPP␤ (Signet) antibodies. Of note, parallel immunoblotting experiments showed that both anti-sAPP␤ antibodies from Signet and IBLAmerica recognized identical bands but not sAPP␣; the anti-A␤ antibody recognized sAPP␣ but not sAPP␤. Corresponding cell lysates were analyzed in parallel for APP expression. Intracellular APP and total secreted APP forms were detected with anti-APP 22C11 antibodies. KPI domain-containing APP isoforms were detected with anti-KPI antibodies. A␤ 40 peptide levels were determined in 10 l of concentrated conditioned media using the commercial Mouse/rat Amyloid ␤(1-40)(N) Assay kit from IBL-America and following the instructions of the manufacturer.
PP2A activity assays. PP2A activity was assayed for 5 min at 30°C in diluted cell extracts using either a synthetic phosphopeptide or phosphorylated tau as a substrate, exactly as described previously (Sontag et al., 1999 (Sontag et al., , 2004a .
Metabolic assays. Total plasma levels of Hcy (tHcy) was measured using a modified HPLC method with fluorescence detection (Ubbink et al., 1991) . Methionine was measured by HPLC after precolumn derivatization with o-phthalaldehyde (Bottiglieri, 1987) . SAM and SAH levels were determined by HPLC coupled to UV detection (Bottiglieri, 1990) . Plasma folate was determined using a commercially available radioimmunoassay (Diagnostic Products, Los Angeles, CA).
Statistical analysis. Data are presented as mean values Ϯ SD and were analyzed using the Student's t test. Differences with p values Ͻ0.05 were considered statistically significant.
Results

Incubation of N2a cells with SAH is associated with a decrease in PP2A methylation
To first test the hypothesis that PPMT is a target of Hcy metabolism, we assessed SAM and SAH effects on PP2A methylation in mouse N2a neuroblastoma cells (Fig. 1) . Cell exposure to exogenous SAM or SAH induced a dose-dependent increase in intracellular levels of each metabolite. Cell incubation with 100 and 200 M SAM induced an ϳ30 -38% and ϳ34 -45% (n ϭ 3) upregulation of PPMT expression, respectively, relative to untreated cells. PP2A methylation increased but only by ϳ21-25% in cells treated with 100 M SAM and ϳ24 -31% in cells incubated with 200 M SAM (n ϭ 4), probably because PP2A is already methylated at high levels in mammalian cells (Tolstykh et al., 2000; Sontag et al., 2004b) . Treatment with increasing SAH concentrations induced a progressive decrease of the endogenous SAM/SAH ratio and reduced PP2A methylation levels without significantly affecting PPMT expression levels. Notably, methylated C subunit levels were reduced by 39 -51% (n ϭ 3) in cells incubated with 100 M SAH.
Reduced PP2A methylation is associated with enhanced tau phosphorylation at several epitopes We next investigated how fluctuations in PP2A methylation levels can influence tau regulation. To this end, we generated and characterized N2a cells stably expressing the HA-tagged L309⌬ methylation-site C subunit mutant or its wild-type counterpart (Wt C), HA-tagged PPMT, and Myc-tagged PME-1. C subunit expression levels are tightly autoregulated (Baharians and Schonthal, 1998), so that a portion of endogenous pools was replaced by expressed C subunits. Indeed, HA-tagged C represented ϳ40% of total C subunit levels (Fig. 2 A) , whereas total C subunit levels increased by ϳ30% in selected N2a clones (n ϭ 5) relative to controls (Fig. 2 B) . Compared with controls, enhanced C expression in N2a-Wt C clones correlated with a 30 -38% (n ϭ 3) increase in PP2A activity measured in total cell extracts using either phosphorylated tau or a synthetic phosphopeptide as substrates. After expression of the methylation-competent HAtagged Wt C, total intracellular amounts of methylated C and B␣ subunits were similarly increased by ϳ27-39% (n ϭ 4). Enhanced B␣ subunit expression likely results from methylationinduced formation and stabilization of B␣-containing trimeric PP2A complexes (Tolstykh et al., 2000) . In contrast, there was a comparable 35-45% reduction of methylated C and B␣ subunit levels in clones expressing the methylation-incompetent L309⌬ C subunit (n ϭ 5). The inability of L309⌬ mutants to efficiently bind to B␣ subunit and known instability of B␣ monomers (Tolstykh et al., 2000; Yu et al., 2001 ) probably contribute to the loss of B␣ in these clones.
Because B␣-containing PP2A trimeric complexes are the most efficient holoenzymes in binding to and dephosphorylating tau (Sontag et al., 1996) , we next investigated whether such deregulation of PP2A affects its ability to associate with and dephosphorylate tau. We reported previously that anti-HA antibodies can be successfully used to coimmunoprecipitate tau and B␣-containing PP2A heterotrimers from fibroblasts expressing HAtagged Wt C and tau (Goedert et al., 2000) . Using similar assays in our N2a clones, we found that the amounts of tau proteins that were recovered in HA-tagged L309⌬ C subunit immunoprecipitates were greatly reduced compared with those present in HAtagged Wt C immunoprecipitates (Fig. 2C) . Although expression of Wt C promoted tau dephosphorylation, steady-state tau phosphorylation was enhanced by approximately twofold to threefold in N2a-L309⌬ clones at all epitopes examined (Fig. 2 D) . Incubation of control cells for 1 h with 100 nM OA induced a marked increase in tau phosphorylation. OA is a potent Ser/Thr phosphatase inhibitor, the effects of which are dose and time dependent (Honkanen and Golden, 2002) . Under our experimental conditions, basal PP2A activity was inhibited by ϳ50 -60%. A similar inhibition of PP2A activity was observed when cells were treated overnight with 10 nM OA. The OA concentrations chosen were insufficient to induce inhibition of protein phosphatase 1 (PP1) or marked changes in cell morphology or viability (data not shown). However, as reported previously (Sun et al., 2002) , we observed that OA concentrations Ͼ200 nM or prolonged incubation with this toxin at 100 nM induced cell rounding and neurotoxicity.
Significantly, overexpression of PME-1, which reduced PP2A methylation and B␣ expression levels by ϳ47-64% (n ϭ 5), was also associated with the accumulation of phosphorylated tau proteins (Fig. 3A) . Conversely, PPMT overexpression induced a ϳ30 -44% (n ϭ 5) increase in endogenous PP2A methylation and B␣ expression and enhanced the rate of tau dephosphorylation at all epitopes studied (Fig. 3B) . Moreover, SAH-induced decrease of intracellular PP2A methylation (Fig. 1 B) correlated with dose-dependent tau phosphorylation at the Ser-396/Ser-404 epitope recognized by PHF-1, a monoclonal antibody that labels phospho-tau lesions in AD (Sontag et al., 2004b) (Fig. 3C) . Conversely, steady-state tau phosphorylation was decreased in cells incubated with SAM. Notably, these effects of SAM were prevented by OA, and treatment with SAM could not overcome the phosphorylation of tau induced by expression of the L309⌬ mutant in N2a cells (Fig. 3D) . Thus, PP2A functional integrity is required for effective SAM-dependent tau regulation.
Reduced PP2A methylation is associated with enhanced APP phosphorylation at Thr-668
We next addressed the potential contribution of PP2A methylation in the regulation of APP in N2a cells. As reported previously (Latasa et al., 1998) , endogenous APP migrated as several bands ranging from ϳ95 to ϳ125 kDa (Fig. 4 A) . Those correspond to immature (N-glycosylated) and mature (N-and O-glycosylated, sulfated) forms of the three isoforms APP 695 , APP 751 , and APP 770 , which arise from alternative splicing from the APP gene. An antibody specific to the phosphorylated Thr-668 site was used to detect phosphorylated APP isoforms. The APP 751 and APP 770 isoforms contain a KPI domain in the extracellular domain (Menendez-Gonzalez et al., 2005) and were identified as the slowest migrating bands using anti-KPI-APP antibodies. In agreement with previous studies performed in other cells (da Cruz e Silva and da Cruz e Silva, 2003), OA induced a dosedependent phosphorylation of endogenous APP at the Thr-668 site (Fig. 4 B) . In support of a specific role for PP2A activity in modulating APP phosphorylation, enhanced Wt C expression Figure 2 . Expression of the L309⌬ C subunit mutant in N2a cells decreases endogenous PP2A methylation and inhibits the ability of PP2A to bind to and dephosphorylate tau. A, Relative expression levels of endogenous and expressed C subunits in stable N2a clones expressing HA-tagged Wt C or the L309⌬ C subunit mutant. B, The expression levels of methylated C and B␣ subunits are enhanced in N2a-Wt C but decreased in N2a-L309⌬ cells. C, D, Cells were transiently transfected with a plasmid encoding human adult tau. C, Total cell extracts and normalized HA-tag immunoprecipitates (IP) were analyzed for the presence of tau using the phosphorylation-independent Tau-5 monoclonal antibody. D, Control and stable N2a cells were analyzed by Western blotting (WB) for total tau using Tau-5 and for phosphorylated tau using a set of phosphoepitope-specific, anti-tau antibodies. A subset of control cells was treated for 1 h with 100 nM OA before harvesting. Representative blots are shown. HA-tagged C expression levels are shown for reference.
promoted APP dephosphorylation (Fig. 4C) . Conversely, expression of SV40 small tumor antigen (small t), a viral protein that specifically interacts with and inhibits PP2A activity toward tau (Sontag et al., 1996) and other substrates (Sontag, 2001) , promoted APP phosphorylation (Fig. 4C) . Phosphorylated APP also accumulated in N2a cells expressing PME-1 or the L309⌬ mutant, whereas dephosphorylated APP species were prevalent in N2a-PPMT clones. We next addressed whether SAM and SAH can influence the steady-state phosphorylation of APP. As observed with tau, exposure of N2a cells to SAH led to enhanced APP phosphorylation, whereas incubation with SAM promoted its dephosphorylation (Fig. 4 D) . Once again, SAM effects were abolished when cells were simultaneously incubated with OA (Fig. 4 E) . SAM treatment clearly promoted APP dephosphorylation in N2a-Wt C cells but was ineffective in N2a-L309⌬ cells (Fig. 4 F) , suggesting that SAM-induced APP dephosphorylation is dependent on PP2A functional integrity.
Reduced PP2A methylation is associated with decreased sAPP␣ secretion and enhanced production of sAPP␤ and A␤ To gain some insights into the effects of deregulating PP2A activity and methylation on endogenous APP processing, we next measured the secretion of sAPP␣, sAPP␤, and A␤ in our cells. As reported previously (Nakagawa et al., 2006) , secreted APP (sAPP) isoforms were detected in the conditioned media of N2a cells as a triplet band (Fig. 5A) . We first measure sAPP levels 1 h after incubation of cells in conditioned media (Fig. 5B ). In agreement with previous studies performed in other cell types (Gandy et al., 1993; da Cruz e Silva et al., 1995; Holzer et al., 2000; Henriques et al., 2005) , incubation of N2a cells with OA stimulated sAPP␣ secretion. Unexpectedly, relative to control N2a cells, expression of Wt C also increased the extracellular release of sAPP␣, albeit much less efficiently than OA. sAPP␣ secretion was markedly enhanced in N2a-PPMT clones but inhibited in N2a cells expressing L309⌬ or PME-1. Under the same experimental conditions, sAPP␤ secretion was considerably increased in OA-treated N2a cells. Relative to controls, higher levels of sAPP␤ were detected in N2a-PME-1 and N2a-L309⌬ clones. Conversely, expression of Wt C or PPMT in N2a cells induced a decrease in released sAPP␤ amounts. Immunoblotting of corresponding cell homogenates with anti-APP antibodies indicated that the promotion of sAPP release was unlikely to be the result of a significant upregulation in cellular APP holoprotein expression. Deregulation of PP2A induced similar effects on steady-state sAPP␣ levels measured 4 h after incubation in conditioned media (Fig.  5C ). In support of the hypothesis that PP2A methylation promotes the release of neuroprotective sAPP␣ fragments, incubation with SAM enhanced sAPP␣ secretion in N2a-Wt C cells, whereas expression of the L309⌬ mutant prevented this stimulatory effect. Last, to further assess the role of PP2A in the amyloidogenic cleavage of APP, we performed ELISA assays to quantify A␤ secretion in our stable cell lines (Fig. 5D ). Relative to controls, expression of the L309⌬ mutant or PME-1 was associated with increased A␤ 40 secretion, whereas expression of Wt C and PPMT led to reduced levels of secreted peptides. Concomitant Western blot analysis of the conditioned media for sAPP␤ secretion revealed a similar trend. Altogether, our data suggest that PP2A activity and methylation play an important role in the regulation of APP metabolism.
PPMT and PP2A methylation become downregulated in the brain of hyperhomocysteinemic mice Our findings in N2a cells suggest that altering SAM and SAH levels can influence tau and APP phosphorylation by affecting PP2A methylation. To test this hypothesis in vivo, we analyzed brain homogenates from Cbs ϩ/Ϫ mice heterozygous for a targeted disruption of the gene encoding cystathionine-␤-synthase (Lentz et al., 2000) , a key enzyme involved in Hcy metabolism (Jhee and Kruger, 2005) , and their wild-type littermates (Cbs ϩ/ϩ ). Mice were fed an HM/LF or control diet, from weaning until 9 months of age. As expected from previous studies (Lentz et al., 2000; Devlin et al., 2005) , tHcy and methionine were significantly increased, and serum folate levels were decreased in mice fed on the HM/LF diet relative to mice fed on the control diet (Fig. 6A) . Hyperhomocysteine (HHcy) was accompanied by increased brain SAH levels and lower SAM/ Figure 3 . PP2A methylation-, SAM-, and SAH-dependent modulation of tau phosphorylation in N2a cells. A, Representative immunoblots showing that stable expression of Myc-tagged PME-1 is associated with PP2A demethylation, decreased B␣ subunit expression, and increased tau phosphorylation. The arrow indicates Myc-tagged PME-1 recognized by the anti-PME-1 antibody. B, Representative immunoblots showing that stable expression of HA-tagged PPMT is associated with enhanced expression levels of PPMT, methylated C and B␣ subunits, and tau dephosphorylation. The arrow indicates HA-tagged PPMT recognized by the anti-PPMT antibody. C, Tau-transfected N2a cells were treated with SAM or SAH and analyzed by immunoblotting for tau phosphorylated at the PHF-1 epitope and for total tau using Tau 5 antibodies. D, Concomitant incubation with 10 nM OA or expression of the L309⌬ mutant in N2a cells prevent tau dephosphorylation induced by 100 M SAM. Bottom rows in C and D show the relative amounts of phosphorylated tau (n ϭ 3; *p Ͻ 0.001).
SAH ratio. Although Hcy levels were much higher in Cbs ϩ/Ϫ than in Cbs ϩ/ϩ mice, the SAM/SAH ratio was not much different in those two groups. Brain samples from the same animals were further evaluated for PPMT expression, PP2A methylation, and tau and APP phosphorylation. PPMT expression levels were reduced by ϳ25% (Fig.  6B) , and PP2A methylation was decreased by ϳ27% (Fig. 6C) in Cbs ϩ/Ϫ mice relative to Cbs ϩ/ϩ mice fed on the control diet. More extensive reduction of PPMT expression levels (Ͼ40%) and demethylation of PP2A (Ͼ75%) occurred in both Cbs ϩ/Ϫ and Cbs ϩ/ϩ mice fed on the HM/LF diet compared with mice fed on the control diet. As observed in our cellular studies, reduced PP2A methylation correlated with a substantial increase in phosphorylated APP (Fig. 6D) and tau (Fig. 6E ). Tau and APP phosphorylation was significantly enhanced in mice fed on the HM/LF diet, being greatest in HHcy Cbs ϩ/Ϫ mice.
Discussion
Although a molecular explanation for the association of low folate and HHcy with degenerative diseases (Nurk et al., 2005; Ravaglia et al., 2005) is essentially unknown, it is believed that Hcy elevations can lead to a reduced cellular ratio of SAM/SAH, which results in decreased activity of methyltransferases. In support of this hypothesis are findings that SAM levels are reduced in brain tissue (Morrison et al., 1996) and CSF (Bottiglieri et al., 1991) from AD patients. Increased SAH levels in brain tissue from AD patients correlate with the inhibition of two CNS methyltransferase reactions (catechol-O-methyltransferase and phenylethanolamine-N-methyltransferase) and various markers of disease progression and cognitive impairment (Kennedy et al., 2004) . However, a recent study failed to show significant differences in SAM, SAH, or folate levels in CSF from control and AD subjects (Mulder et al., 2005) . Here, we provide evidence that alterations in folate and Hcy metabolism can alter PP2A methylation status, most likely by affecting PPMT activity. Long-term feeding with an HM/LF diet led to an increase in brain SAH concentration and downregulation of PPMT expression, which may account for the severe decrease of steady-state PP2A methylation in the brain of HHcy mice. By comparison, the decrease of PP2A methylation was less pronounced in cells incubated for a short-time with SAH, probably because SAH inhibited PPMT activity but did not significantly alter PPMT expression levels. We reported that downregulation of neuronal PPMT correlates with reduced PP2A methylation and B␣ subunit expression levels in AD-affected brain regions (Sontag et al., 2004a,b) . Our cellular studies suggest that decreased PP2A methylation can promote B␣ subunit downregulation in AD. Because AB␣C is a major tau phosphatase (Sontag et al., 1996) , it is not surprising that reduced PP2A methylation levels are associated with enhanced tau phosphorylation. Accordingly, downregulation of PPMT and B␣ subunit inversely correlate with increased PHF-1 immunoreactivity in AD neurons (Sontag et al., 2004b) . The functional implications of changes in tau phosphorylation are numerous, because epitope-specific phosphorylation differentially modulates the distribution, degradation, aggregation, binding to microtubules and other proteins such as PP2A, and microtubuleregulatory functions of tau (Brandt et al., 2005; Stoothoff and Johnson, 2005) . It has been reported that exogenous Hcy and folate deficiency in cultured neurons can increase SAH and/or decrease SAM levels and promote tau phosphorylation (Ho et al., 2002 (Ho et al., , 2003 . Our studies show that some of these effects are directly mediated by PP2A. They provide experimental proof for the hypothesis that PP2A methylation links Hcy metabolism with tau hyperphosphorylation in AD (Vafai and Stock, 2002) .
In contrast to its well established function in tau regulation, the role of PP2A in APP regulation is poorly understood. So far, studies investigating the potential role of Ser/Thr phosphatases in APP regulation have primarily relied on the utilization of OA and have clearly implicated PP1 and/or PP2A in the regulation of APP phosphorylation and metabolism (da Cruz e Silva and da Cruz e Silva, 2003) . At the same time, they have yielded conflicting or inconsistent findings. Although incubation of various cell types with OA leads to stimulation of APP secretion (Gandy et al., 1993; da Cruz e Silva et al., 1995; Holzer et al., 2000; Henriques et al., 2005) , it is not clear whether these effects are preferentially mediated by PP1 (da Cruz e Silva et al., 1995) and/or PP2A (Holzer et al., 2000) . Moreover, OA has been reported to either decrease Holzer et al., 2000) or increase (Arendt et al., 1998; Sun et al., 2002 ) A␤ production. All of these discrepan- cies could be explained by the observation that OA exerts celltype and dose-dependent effects. Low concentrations of OA preferentially inhibit all PP2A isoforms and protein phosphatases 4, 5, and 6; higher concentrations of OA inhibit all of these enzymes as well as PP1 and can induce neurotoxicity (Honkanen and Golden, 2002) . Because there are scores of OA-sensitive enzymes, many distinct phosphatase-dependent pathways with potentially overlapping or divergent regulatory effects on APP could become affected by OA. Therefore, it is quite difficult to decipher the contribution of a particular phosphatase and dissect the mechanisms involved in the regulation of APP in OA-based experiments. In the present study, incubation of N2a cells with OA, at concentrations that do not inhibit PP1, induced APP phosphorylation at Thr-668 and enhanced the secretion of both sAPP␣ and sAPP␤. Interestingly, overexpression of cyclin-dependent kinase 5 (cdk5) promotes similar effects (Liu et al., 2003) . Because ␣-and ␤-secretases are competing for substrate in the process of APP proteolysis, it has been suggested that sAPP␣ elevation can be taken as indirect evidence of inhibition of amyloidogenic APP cleavage (Kojro and Fahrenholz, 2005) . However, there are examples in the literature in which the production of sAPP␣ and A␤ are not under reciprocal regulation, probably because distinct constitutive and regulated ␣-secretory pathways converge to produce sAPP␣ (Lammich et al., 1999) . Besides, APP expression, phosphorylation, protein-protein interactions, trafficking, maturation, secretase cleavage, and secretion are all regulated processes that can be differentially influenced by the complex interplay between protein kinase and phosphatase activities. Because alterations in PP2A activity can affect the activity of many protein kinases and a wide variety of cellular functions (Sontag, 2001) , the regulation of APP processing by PP2A likely results from a combination of direct and indirect effects. For instance, recent findings in neurons suggest that OA-mediated inhibition of PP2A promotes the axonal accumulation of ␤-CTF APP fragments by inducing microtubule destabilization and deficits in APP transport (Yoon et al., 2006) .
We found here that phosphorylated APP 751 /APP 770 isoforms accumulated in response to decreased activity and reduced methylation of PP2A. Interestingly, KPIcontaining APP isoform levels are elevated in AD brain and are associated with increased production and reduced clearance of A␤ (Menendez-Gonzalez et al., 2005) . Moreover, high levels of phosphorylated APP and tau species colocalize in AD hippocampal neurons . It is of particular significance that APP can be phosphorylated on Thr-668 by cdk5 and glycogen-synthase kinase 3, two tau protein kinases that have been implicated in the neurofibrillary degeneration in AD (Stoothoff and Johnson, 2005) . Notably, phosphorylation at Thr-668 has been linked to increased amyloidogenic processing of APP (Ando et al., 2001; Liu et al., 2003; Phiel et al., 2003; Vingtdeux et al., 2005; Chang et al., 2006; Pierrot et al., 2006) . Accordingly, enhanced APP phosphorylation at the Thr-668 site correlated with increased A␤ production in our experiments. In addition, our findings suggest that enhanced PP2A activity and methylation promote the accumulation of dephosphorylated APP isoforms and favor the non-amyloidogenic cleavage of APP. Conversely, downregulation of PP2A methylation is accompanied by a concomitant decrease in the steady-state release of neuroprotective sAPP␣ species and increased secretion of ␤-and ␥-secretasecleaved APP fragments. Thus, reduced PP2A methylation levels may shift APP processing toward the amyloidogenic pathway. Like APP, the regulation of PP2A is rather intricate (Sontag, 2001) . Changes in C subunit methylation modulate PP2A intracellular subunit composition, which in turn can influence PP2A compartmentalization, interactions with scaffolding and regulatory proteins, and substrate specificity. It is likely that the cumulative effects of all such alterations in PP2A regulation, and not solely changes in phosphatase activity, contribute to affect the rate of dephosphorylation and processing of APP. Additional studies will be required to elucidate the underlying mechanisms leading to the deregulation of APP metabolism by PP2A.
Interestingly, folate deficiency increases A␤ production by affecting SAM-dependent DNA methylation of APP-regulatory genes (Fuso et al., 2005) . Our findings also implicate SAM in the regulation of APP phosphorylation and secretion via PPMTdependent PP2A methylation. They suggest that SAH-mediated PP2A demethylation in response to HHcy could promote amyloidogenesis. These conclusions are further supported by recent findings showing that plasma Hcy is positively correlated with (Nakagawa et al., 2006) . sAPP 751 and sAPP 770 isoforms are immunoreactive to the anti-KPI-APP antibody (Latasa et al., 1998) . B, Steady-state levels of sAPP␣ and sAPP␤ were measured after 1 h incubation of N2a clones in conditioned medium. A subset of control N2a cells was incubated for 1 h with 100 nM OA. Intracellular APP was detected with anti-APP 22C11 antibody. The bottom panel shows the relative amounts of sAPP␣ and sAPP␤ determined after normalization for intracellular protein concentration (mean Ϯ SD; n ϭ 3; p Ͻ 0.001 in all conditions). C, The extracellular release of sAPP␣ was measured in the same cells analyzed for APP in Figure 4 , C and F, 4 h after incubation in the conditioned media. D, Representative experiment showing the concomitant release of sAPP␤ and A␤ 40 peptides measured 24 h after incubation of cells in conditioned medium. A␤ 40 levels (mean Ϯ SEM) were quantified by ELISA.
plasma A␤ 40 and A␤ 42 in AD patients (Irizarry et al., 2005) and that HHcy is associated with elevated brain A␤ levels in Cbs/APP/PS1 AD mice models of amyloidosis (Pacheco-Quinto et al., 2006) .
In conclusion, our studies unveil a novel pathway implicating PPMTdependent PP2A methylation in the regulation of two major CNS proteins, tau and APP, involved in neurodegenerative diseases. Our findings suggest that even relatively small changes in intracellular PP2A methylation can impact tau phosphorylation and APP processing. They support the hypothesis that impaired Hcy metabolism and deregulation of critical methylation reactions can trigger the accumulation of phosphorylated tau and APP in the brain, a process that may favor neurofibrillary tangle formation and amyloidogenesis. They provide insights into the molecular mechanisms by which dietary folate deficiency and HHcy may promote or hasten AD-like pathology in predisposed populations, as well as information that should inform the design of therapeutic trials. Figure 6 . Effects of the high-methionine, low-folate diet on Hcy, methylation metabolites, PPMT, PP2A methylation, and tau and APP phosphorylation in Cbs ϩ/ϩ and Cbs ϩ/Ϫ mice. A-D, Groups of 1-month-old heterozygous Cbs ϩ/Ϫ (black bars) and wild-type Cbs ϩ/ϩ (white bars) mice were fed for 8 months on a control or HM/LF diet. Data are mean Ϯ SD; n ϭ 7 mice per group. A, Hcy and methylation metabolites were determined in plasma and brain tissue from the mice (*p Ͻ 0.01 compared with same genotype). B-D, Equivalent aliquots (ϳ14 l) of total brain extracts from the same mice were simultaneously analyzed by gel electrophoresis and Western blotting. Note that the representative panels shown were assembled from the same exposed autoradiograph. B, Relative levels of PPMT in each mouse group (*p Ͻ 0.001; **p Ͻ 0.05). C, Relative levels of methylated C (*p Ͻ 0.046; **p ϭ 0.046). D, Relative levels of Thr-668-phosphorylated APP (*p Ͻ 0.001). E, Equivalent amounts of proteins (10 g) from boiled mouse brain homogenates were analyzed for tau phosphorylated at the PHF-1 epitope after normalization for total tau levels (*p Ͻ 0.001).
